As human spaceflight evolves toward long duration space missions (LDSM), it becomes increasingly important to design mission specifications and crew schedules that account for fluctuations in cognitive and psychomotor workload. Such schedules should optimize both sleep and workload to maintain high levels of mission performance. Effective sleep and workload scheduling tools are thus imperative for success, as they facilitate enhanced sleep quality and adjustable workload profiles for superior task performance. Here we examine issues related to sleep in space by taking two approaches: (1) completion of a systematic literature analysis, and (2) completion of interviews with Subject Matter Experts. Both of these approaches are summarized, with key findings and implications discussed.
PREAMBLE
As humans reach out beyond the confines of near-Earth orbit and across the vast distances of space, they encounter circumstances that become ever-more remote and divorced from those that first nurtured them. Arguably, the further from Earth, the greater the degree of stress encountered (Hancock, 2015) . From the bespoke composition of precedent-setting crews to the particular selection of the first cadre of pioneers, success will only be underwritten by a thorough comprehension of the ways that those stresses threaten the performance and well-being of those so exposed. Our work represents one very small element in that enterprise, looking to invoke ways of integrating models and simulations of cognitive and psychomotor workload into extant models of crew scheduling of work-rest profiles and the associated models of sleep and fatigue. Here we support this effort through the comprehension of existing relevant literature and augment such embodied knowledge through direct interviews with subject matter experts (SMEs), primarily composed of prior members and current members of the astronaut corps. To begin our effort, we first synthesize the relevant literature concerning sleep in space, workload and task scheduling. We then cover the findings of our SME interviews and discuss practical implications of these findings.
SLEEP IN SPACE
Missions in space represent a vastly different operational environment from most terrestrial conditions. These environments, coupled with highly demanding mission profiles, impose additional barriers to maintaining both stable and effective sleep patterns. There are a number of key factors that affect sleep patterns in space. These have been elucidated in a recent review of sleep and performance in space by Mallis and Deroshia (2005) . These are respectively: i) light exposure, ii) noise, iii) microgravity, iv) exercise, v) workload, vi) isolation and vii) motion sickness. We review each of these here through the lens of the broader literature on sleep. Therefore, the order in which we here present each corresponds to our current interpretation of the magnitude of their effect on sleep in space, where light exposure is found to be the most impactful.
A. Light Exposure
Light exposure represents the presence of light, both natural and artificial, that falls within the natural light spectrum. It is that which is capable of being perceived by an individual exposed to those circumstances. Two main topics must be acknowledged when discussing the effects of light exposure on sleep patterns. The first is the duration or cycle of time that the individual is exposed to light. The second is the intensity and type of light. While aboard spacecraft such as the International Space Station (ISS), astronauts are not exposed to typical 24-hour light cycles. This is primarily due to their orbital pattern around earth. During previous Space Shuttle missions, astronauts underwent 88 minute cycles around the earth, in which they experienced a full day/night light cycle (Mallis, & Deroshia, 2005) . In addition, light intensity levels have been shown to vary aboard spacecraft such as the Shuttle or ISS, ranging from as low as 10 lux up to 80,000 lux (Dijk, Neri, Wyatt, et al. 2001) . There is evidence to suggest that these factors significantly affect the internal circadian rhythms, thus altering patterns of performance (Fuller, Murakami, Hobban-Higgins, et al. 2003) . In future missions to Mars, astronauts are also expected to undergo non-standard 24-hour light cycle, due to the lack of large celestial objects to obstruct the sun's rays. Evidence here highlights the importance for certain artificial light cycle regulations to be implemented, due to the negative effects on sleep cycles experienced from prolonged light exposure. One of the more problematic issues involved with such exposures concerns the inherent problem of interactive effects. Thus light, as a primary zeitgeber, tends to affect other forms of interaction which we have examined in this general domain (although not in on-orbit conditions; see Hancock & Diaz, 2002) . (Block, Hancock, & Zakay, 2010; Hancock & Meshkati, 1988) . This concept has often been considered distinct from physical workload in that it focuses little concern on the greater, gross-motor demands of any task. However, this may well be a false dichotomy and both aspects of workload may be equally important as they relate to sleep and performance (and see Marras & Hancock, 2013) . It seems evident that throughout the history of the space program, the primary concern has always been the mission objectives, thus imparting pressures on astronauts to adjust themselves to mission parameters, rather than relying on the mission to cater to their capacities and limitations. While this approach may be understandable in regards to the political and social aspects of the space program, it may have also created a pattern of overwork in astronauts. This has subsequently been shown to affect sleep quality (Strughold & Hale, 1975) . While evidence shows an acute ability of astronauts to adapt to these high demands, one critical period proves to be during the first 2-6 weeks of operations, when the bulk of the adaptation occurs (Mallis & Deroshia, 2005) . However, due to current LDSM limitations, it is unknown whether such an adaption can continue to evolve over chronic spaceflight intervals. When considering specific LDSF missions, i.e., that to Mars, this "critical period" will be an important phase of the mission to prepare; equally, monitoring performance and health in the latter phases, especially that of mid-Earth return, will be an especial concern of the present research. This second "critical period," surfacing closer to the end of the mission, will be characterized by a renewal of novel workload demands. These will arise as a result of deviating from the routine procedures involved in the bulk of the journey. As the particular focus of the present work, further evaluation of the workload issue is described in subsequent sections of this report.
C. Physical Exercise
Exercise is defined as an activity requiring physical effort, carried out especially to sustain or improve health and fitness. It seems that the effects of exercise on sleep/wake patterns are contingent upon the duration of the workout, as well as the possible workload increase due to the addition of an extra task. It has also been noted that when workouts are extended (2-2.5 hours), they induce work overload and astronauts exhibit decreases in positive affect (DeRoshia & Greenleaf, 1993) . However, when exercise regiments are kept below the 2-hour threshold, and performed during optimal hours for such activity, there is potential for them to benefit astronaut's circadian rhythm by influencing phase shifts. While late afternoon or early evening exercise induces phase advance, late evening exercise induces phase delay (Buxton, Lee, L'Hermite-Baleriaux, et al. 2003) . Through this effect, exercise poses high potential to be used as a countermeasure to delinquent phase shifts. Given the various allied concerns for muscle and bone degeneration, exercise seems to be a mandatory element of an astronaut's daily routine. It is as well then to consider the wide variety of benefits that it may confer.
D. Ambient Noise
One of the primary self-reported factors leading to sleep loss onboard spacecraft has been noise. Noise is defined as a sound, especially one that is loud or unpleasant or that causes disturbance (see Szalma & Hancock, 2011) . In a previous survey of 33 astronauts, over half reported noise as a significant contributor to sleep loss, causing sleep disruptions up to 5-8 times per rest period (Willshire & Leatherwood, 1985) . Aboard a spacecraft, there are a plethora of disruptive noises ranging from loud spacecraft equipment to active crewmember activities that are on-going during another individuals scheduled rest-time (Cooper, 1976) . Current remedies implemented by astronauts, such as earplug use, are not entirely efficient, and therefore highlight the need for further investigation into noise control solutions. What is evident from the cited meta-analysis (i.e., Szalma & Hancock, 2011) is that not all noise is equally disruptive, either of health or of performance. As with all of the identified factors influencing sleep loss in space, the fundamental patterns which derive from multi-way interactions have not been established in the experimental literature. For an examination of this inherent problem (see Hancock & Pierce, 1985) .
E. Microgravity
Microgravity is defined as a condition, especially on orbit, where the force of gravity is so weak that weightlessness results. Microgravity induces a number of harmful effects on the body, including fluid shift, absence of exerted pressure, the potential induction of back pain, reduced motor activity, spacesuit discomfort, and motion sickness (Stampi, 1997) . Any of the above mentioned effects can influence sleep quality. Due to Earth and space limitations, the majority of studies have been conducted in ground-based laboratories. Ground analogs may not offer an accurate and reliable diagnosis of such effects. This confound is demonstrated by the primary factor causing sleep alterations in ground-based studies being boredom, while actual space operators more often report excessive workload (Mizuno, Inoue, Kraft, Ohshima, & Sekiguchi 2002) . Additional investigation into the effects of microgravity in representative real-world situations (i.e. onboard spacecraft) continue to be observed. The ways in which such influences interact with cognitive workload remain largely unquantified at the present juncture.
F. Isolation
Astronauts live in isolated environments during space operation. These environments often consist of tightly confined spaces, which compound on the effects of isolation. Such inherent stresses can induce sleep disruption as well as performance decrement (Stampi, 1997) . Such effects have been observed in multiple analogue studies such as Antarctic missions and submarine operations. Isolation in Antarctic missions has been shown to induce depression, irritability, and hostility among crew members (Palinkas, 1988) . Interestingly, in studies onboard submarine operation, some negative effects of isolation (i.e. sleep disruptions and performance decrements) have been shown to be low on an absolute scale, as compared to other branches of the NAVY (Weybrew & Noddin, 1979) . Evidence suggests this is due to the careful selection of crew for submarine operation. While NASA already employs careful and rigorous crew selection, in future long duration space missions (LDSM) especially for extended durations, new criteria in the realm of resilience to isolation effects will be needed to choose appropriate crew members. In short, the very nature of the "right stuff" may well be itself changing and evolving.
G. Motion Sickness
One often overlooked, yet potentially significant factor to both sleep and performance in space is motion sickness. Motion sickness is classified by drowsiness, malaise, irritability, disinclination for physical or mental work, and illusions of position and motion (Thornton, Moore, Pool, & Vanderploeg, 1987) . Due to individual differences, motion sickness is troubling to study and/or predict as responses vary greatly across individuals. While some astronauts show performance decrements during the presence of motion sickness, others maintain stable performance scores (Ratino, Repperger, Goodyear, et al. 1988 ). However, this may change during LDSM. This variability of the effects of motion sickness on performance across individuals may be an indicator of the issues with measuring the effects of motion sickness on sleep performance, as it may affect some astronauts, while causing little to no effect on others. More research on this facet will be required to understand its effects further.
WORKLOAD AND SLEEP
Workload and stress were also evaluated in relation to sleep. Extensive work in the past has looked into the effects of workload and stress on sleep quality and fatigue. Workload is known to affect sleep in many different ways. For example, work stress, shift work, and physical workload interfere with sleep and are related to fatigue (Akerstedt, Fredlund, Gillberg, & Jansson, 2002) . In particular, it has been found that high workload negatively impacts sleep (Akerstadt et al, 2002) , and so does the use of frequent deadlines (Rugulies, Martin, Garde, Persson, & Albertsen, 2012) which may be perceived as high workload. On the other hand, work underload can also impact sleep by slowing sleep onset (De Bruin, Beersma, & Daan, 2002) .
The connection between workload and sleep is supported by the research examining workload as it relates to stress. This is not surprising given the similarities between workload and stress and their impacts on human performance and wellbeing. While high job stress is related to sleep quality (Lin, Liao, Chen, & Fan, 2014) , so is emotional stress (Loft & Cameron, 2014) and social stress (Pereira, & Elfering, 2014) . These findings are supported by a plethora of research which was examined in a meta-analysis by Nixon and colleagues (Nixon, Mazzola, Bauer, Krueger, & Spector, 2011) .
These findings highlight the importance of workload as a construct in sleep and sleep scheduling. Though the bulk of past research has focused on overwork as it relates to deleterious sleep conditions, underload is identified here as another potential hazard to sleep. As both overwork and underwork affect sleep in different ways, it is imperative to consider each when incorporating workload into sleep scheduling tools. While evidence suggests ideal levels of workload to fall somewhere in-between underwork and overwork, often task scheduling for missions does not allow for this ideal level to be maintained. We suggest the design of mission plans and sleep schedules in tandem, to align moments of overwork and underwork with circadian cycles, thus reducing negative effects caused by misalignment of hazardous levels of task-induced workload with vulnerable periods within the circadian cycle.
The Importance of Scheduling
Shift scheduling has been seen as an important factor leading to fatigue and other deficits caused by altered sleep patterns. Longer shifts and high workload have been shown to correlate with higher fatigue (Dorrian, Baulk, & Dawson, 2011) , and evidence suggests attempting to maintain shortened work schedules may help to reduce effects of fatigue. In fact, Flo, Pallesen, Moen, Waage, & Bjorvatn (2014) found that shorter shifts that occur no closer together than 11 hours are ideal to mitigate adverse effects. An additional factor to consider is consistency in sleep schedules. Circadian shifts can cause disruptions in vigilance performance (Gander, van den Berg, Mulrine, Signal, & Mangie, 2013) and have been seen to impact perception of work demand intensity (Akerstedt, Nordin, Alfredsson, Westerholm, & Kecklund, 2012) . Events such as "slam shifts" which occur when a high priority task must be scheduled during off times, are an example of such a disruption.
Timing of task scheduling, in relation to sleep cycles, has been shown to impact fatigue and the perception of workload (Vejvoda, Elmenhorst, Pennig, Plath, Maass, Tritschler, Basner, & Aeschbach, 2014) . Implications behind this point toward an attempt to schedule more demanding tasks early in the morning, as opposed to later in the day. Ideally, astronauts will have more complex and demanding tasks scheduled for periods of time when they have been awake for the shortest duration, allowing for a higher "pool" of mental resources to be available to devote to the task, as evidence suggests this "pool" begins to deteriorate the longer a person is awake.
SUBJECT MATTER EXPERT ACCOUNTS
Subject matter expert (SME) interviews were performed with a small number of astronauts and other informed professionals in order to further investigate what role workload may play in relation to the scheduling of operations in space. Interviews were conducted over the phone by trained interviewees who followed a set of scripted interview questions. The primary focus of the interviews was to receive firsthand information regarding the levels of workload astronauts undergo during space operations. While astronauts interviewed underwent short duration missions, important information was extrapolated in relation to future LDSM. The SMEs and their findings are being kept anonymous to protect 
A. Workload
SMEs identified three key components of workload while performing space operation: (1) a lack of underload, (2) frequent levels of high workload, and (3) the role of routine procedures in the maintenance of workload regulation. That SMEs did not recall instances of underload was likely due to the shorter duration of their missions (<30 days) and the perceived excitement of all operations while in space, along with the high number of tasks scheduled into the mission plan. Not only did the demanding missions plan eliminate moments of underload, it commonly required maintained levels of high workload, and often induced instances of overload. While SMEs reported that this did not cause issues with sleep or performance, they did acknowledge that their pace could not have been maintained for longer periods of time (i.e. longer duration missions). An important point discussed was the role routine tasks played in the regulation of workload. Routine tasks seemed to provide "cognitive breaks" and allowed for reduced levels of workload. The importance of this was predicted to increase during future LDSM. SMEs also reported that these breaks from high workload situations may need to be dictated in the mission schedule, due to the nature of many astronaut's personalities and their high drive to maintain levels of high workload.
B. Sleep Scheduling
SMEs also identified two important elements of sleep scheduling in space operations, the synchronization of crew sleep schedules, and the degree of individual differences in sleep preferences that may play a role in future LDSM. SMEs interviewed did not report involvement in the sleep scheduling process that was preformed prior to the mission. This role primarily fell on mission planners, a design that SMEs reported agreement with. Missions that SMEs were involved in had crew sleep schedules designed to all align with one another, so that all crew members slept at the same time. While astronauts' accounts do show that setting a specific sleep time may cause sleep onset issues, there are also many challenges with a free scheduling approach due to the body's need for a normal light cycle. Some flexibility is considered advantageous for sleep patterns, but only within a small range of hours. Scheduling each astronaut to sleep in synchronized patterns was reported as extremely beneficial, as it allowed crew members to maintain similar schedules, which was necessary for many operations that involved multiple crew members. However, occasionally, scheduled tasks would blend into sleep times due to unexpected delays. These happenings were very disruptive to the astronaut as their morning wake schedules would often stay the same. A shift in sleep scheduling, such as a slam shift, cause a call for concern, as a large enough shift in sleep schedule can disrupt an astronaut's daily sleep schedule and cause a circadian desynchronization. Though synchronized sleep schedules were preferred for the missions discussed, this design may need to be reconsidered for future LDSM, as future missions may not allow for periods of time during which all crew members can be unavailable (i.e. asleep). Additionally, while individual differences in crew member sleep preferences was not reported to cause issues in shorter duration missions, SMEs indicated that potential scheduling issues could arise from these differences during LDSM. It may be necessary for scheduling models to be tailored to a specific individual, as there are different parameters of fatigue that must be addressed for each person. The importance of educating crew members in fatigue science was also recommended for future LDSM.
C. Isolation
In addition to workload and sleep, SMEs identified issues that arose from isolation that could play a role in future LDSM. Separation from one's family and other worldly connections often caused feelings of stress. These feelings of stress could likely impact perceived levels of workload, which could further result in sleep disturbances. Such concerns show the importance of attempts to mitigate these effects for future LDSM, as their effects will likely increase with longer missions.
DISCUSSION
Here we have discussed the state of the science in sleep and workload, specifically as it relates to concerns in LDSM. Additionally, we have reviewed information provided by SMEs on workload and sleep management in spaceflight. The SME interviews add great value to our understanding of the current state of the science in sleep and workload management. Specifically, our findings highlight the importance of scheduling in improving workload, sleep, performance, and overall well-being in LDSM.
Of importance is the assertion that routine tasks can be used to regulate workload. While SMEs pointed this out from a perspective or short duration missions, we argue that this will hold true for LDSM as well. Just as routine tasks can give cognitive breaks from periods of high workload, they can also distract humans from long periods of extreme underload, which will be expected in LDSM Additionally, the impact of scheduling on both workload and sleep is highlighted by SMEs. The use of sleep scheduling tools has been implemented by NASA in past space missions with success. However, the problems of sleep in space we have discussed here (e.g. workload) still apply. Moving forward, sleep scheduling tools should also include task/workload schedules. This will allow for the simultaneous management of both sleep and workload to optimize crew health and performance.
Practical Implications
The findings here not only apply to future astronaut populations, but to other populations in isolated, confined, and extreme (ICE) environments. In particular, the information discussed here can be used to help inform the management of Proceedings of the Human Factors and Ergonomics Society 2016 Annual Meetingworkload, sleep, and performance in current and future spaceflight operations. It may also apply in short-term, high stress missions such as those encountered in the military environment.
Future Research
Given the foregoing observations, we anticipate that future research will need to focus on the integration of workload and sleep (work/rest scheduling) models. This may well involve a much greater examination of the cognitive restoration and resilience literature. Such a step will aid researchers with the necessary information required to integrate workload into extant and advancing sleep scheduling tools. Additionally, we recommend that other constructs closely related to cognitive workload be investigated to determine their effect on sleep and sleep scheduling. The role of stress in reference to sleep was briefly discussed here, however further research should specifically investigate this vital connection. Similarly, the constructs of fatigue and vigilance are recommended for further investigation into their relationship with sleep due to the vital role they will play in future LDSM.
